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Edited by Maurice MontalAbstract The major secretory granule proteins chromogranins
A (CGA) and B (CGB) have recently been shown to play critical
roles in inositol 1,4,5-trisphosphate-dependent intracellular Ca2+
mobilizations. We determined here the subcellular distribution of
CGA and CGB based on 3D-images of chromaﬃn cells, and
found that 95% of cellular CGA was present in secretory gran-
ules while 5% was in the endoplasmic reticulum (ER), whereas
57% of cellular CGB was in secretory granules while 24%
and 19% were in the ER and nucleus, respectively. These
results suggest that chromogranins are at the center of intracel-
lular Ca2+ homeostasis in secretory cells.
 2005 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Chromogranins A and B (CGA and CGB) are major pro-
teins of secretory granules that contain 40 mM calcium [1–3],
and have recently been shown to induce secretory granule for-
mation in both neuroendocrine and non-neuroendocrine cells
in which they are expressed [4–6]. Most (>99.9%) of the intra-
granular calcium is bound to chromogranins in secretory gran-
ules [7], and only a very small portion (<0.1%) exists as free
Ca2+ [7–10]. In accordance with the Ca2+ storage roles, CGA
binds 32–55 mol of Ca2+/mol with a dissociation constant
(Kd) of 2.7–4 mM [11], while CGB binds 90 mol of Ca2+/
mol with a Kd of 1.5 mM [12].
Further, CGA and CGB interact with the inositol 1,4,5-tris-
phosphate receptor (IP3Rs) directly at the intragranular pH
5.5, but at pH 7.5, CGA dissociates from the IP3R, whereas
CGB remains bound to it albeit at a reduced level [13]. This
interaction was shown to change the properties of the IP3R/
Ca2+ channel signiﬁcantly; CGA increased the mean open time
and the open probability of the IP3R/Ca
2+ channel 12- and 9-
fold, respectively, in the coupled state [14]. This channel-acti-Abbreviations: CGA, chromogranin A; CGB, chromogranin B; IP3R,
inositol 1,4,5-trisphosphate receptor
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doi:10.1016/j.febslet.2005.08.025vating property of CGA persisted as long as CGA remained
bound to the IP3R/Ca
2+ channel, but disappeared completely
when CGA dissociated from the IP3R/Ca
2+ channel [14,15].
Similarly, CGB also increased the mean open time and the
open probability of the IP3R/Ca
2+ channel 42- and 16-fold,
respectively [16]. But unlike CGA, which dissociated from
the IP3R/Ca
2+ channel at pH 7.5 and thus failed to activate
the channel, the channel-activating eﬀect of CGB at pH 7.5
was as strong as that at pH 5.5 [16].
The critical contribution of chromogranins in IP3-dependent
intracellular Ca2+ mobilization has been shown with both neu-
roendocrine PC12 and non-neuroendocrine NIH3T3 cells [17].
Expression of chromogranins in NIH3T3 cells increased the
IP3-mediated Ca
2+ release by 40–134%, whereas suppression
of chromogranin expression in PC12 cells decreased it by 40–
69% [17]. The chromogranin expression in NIH3T3 cells in-
duced not only secretory granule formation but also expression
of the IP3Rs in the newly formed secretory granules, leading to
the increase in the IP3-mediated Ca
2+ mobilization in these
cells [17].
Despite the proven crucial importance of chromogranins in
controlling IP3-dependent intracellular Ca
2+ release [18],
accurate information about the overall distribution and the
concentration of chromogranins in subcellular organelles is
lacking. Moreover, it was recently shown that a putative
vesicular IP3-sensitive nucleoplasmic Ca
2+ store contains both
the IP3Rs and CGB [19], thus further pointing out the poten-
tial importance of CGB-IP3R coupling in the IP3-dependent
Ca2+ control mechanisms in the nucleus. It was therefore of
utmost importance to know the concentrations of chromo-
granins in each organelle and the cytoplasmic volumes occu-
pied by these organelles in order to accurately estimate the
relative contribution of each organelle in the overall Ca2+
homeostasis of the cell. We have analyzed the serial sections
of 23 representative bovine chromaﬃn cells, 27–30 serial sec-
tions per cell, using 3D-image reconstruction method, and
determined the concentrations of CGA and CGB in each
organelle.2. Materials and methods
2.1. Antibodies
Polyclonal anti-rabbit CGA and CGB antibodies were raised against
intact bovine CGA and CGB, and aﬃnity puriﬁed on each immobi-
lized puriﬁed chromogranin [20].blished by Elsevier B.V. All rights reserved.
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sectioned bovine chromaﬃn cells
To obtain 3D images, and for immunogold electron microscopic
study of chromaﬃn cells, tissue samples from bovine adrenal medulla
were ﬁxed for 2 h at 4 C in PBS containing 0.1% glutaraldehyde, 4%
paraformaldehyde, and 3.5% sucrose. After three washes in PBS, the
tissues were postﬁxed with 1% osmium tetroxide on ice for 2 h, washed
three times, and stained en block with 0.5% uranyl acetate, all in PBS.
The tissues were then embedded in Epon 812 after dehydration in an
ethanol series. A ribbon of 120–140 consecutive serial sections in 70-
nm thickness was made from the embedded tissue and placed on the
surface of water. The ribbon was then manipulated so that 6–7 sec-
tions/grid were successively picked up on Formvar/carbon-coated nick-
el grids. As the ribbon was picked up, the region of interest was
carefully positioned so that it was located over the grid openings and
not on a grid bar. For immunogold labeling, the serial sections that
had been transferred to grids were ﬂoated on drops of freshly prepared
3% sodium metaperiodate for 30 min, and followed the procedure de-
scribed before [20].
2.3. 3D-image construction of chromaﬃn cells and subcellular organelles
For 3D-image construction, every 4–5 section, representing one sec-
tion per every 400–500 nm of cytoplasm, was chosen from 120 to 140
consecutive serial sections per cell, and the resulting 27–30 serial
TEM images were used in reconstructing the 3D image of each cell.
The outlines of the structures of interest were manually traced and
transformed into digitized form. After z-axis alignment of the digitized
27–30 image stacks, 3D reconstruction of digitized contours was ob-
tained and rendered by using 3Dmax 6.0 software (Discreet Logic
Inc., Canada). A representative 2D image of a chromaﬃn cell from
which the 3D images are generated was obtained from one of the mid-
dle sections of the cell, and the location of the CGA- or CGB-labeling
immunogold particles was marked with yellow dots. Other details are
as described in [21].3. Results
3.1. 3D-image of the cell
To obtain 3D-images of chromaﬃn cells and to determine
the total amount of CGA and CGB present in these cells, 23
whole bovine adrenal medullary chromaﬃn cells were serially
sectioned, 27–30 serial sections per cell, from one end of the
cell to the other end (Figs. 1A and 2A), and these serial sec-
tions were treated with CGA- or CGB-labeling gold particles
for immunogold electron microscopy (Fig. 1B and 2B). Figs.
1C and 2C are the line drawings of Figs. 1A and 2A, respec-
tively, which represent the central sections of two separate
cells. The rough see-through 3D images of whole cells were
obtained from these line images (Fig. 3). Unlike results ob-
tained from a limited number of random sections of the
same cell, present results obtained from 23 cells with 27–
30 serial sections per cell allowed us to obtain not only the
3D-reconstruction of chromaﬃn cells showing secretory
granules, the ER, mitochondria, and the nucleus (Fig. 3),
but also the relative concentrations of CGA or CGB in each
organelle.3.2. Nucleus, endoplasmic reticulum and mitochondria
The shape and size of the chromaﬃn cells were not uniform
and diﬀered from cell to cell. Cells that are located near the
blood vessel (Fig. 4A, ‘‘a’’ type cells) were larger and more
elongated compared to those that are more distant from the
duct (Fig. 4A, ‘‘b’’ type cells). Reﬂecting diﬀerent shapes and
sizes of the cells, the cell volumes as well as the volumes occu-
pied by the subcellular organelles varied greatly (Fig. 4B). The
ER was found to localize throughout the cytoplasm, not show-ing any tendency to cluster (Fig. 3A). The cell volume occupied
by the nucleus and ER varied from one cell to another.3.3. Secretory granules
The number and subcellular location of secretory granules
diﬀered signiﬁcantly depending on the location of the cell with-
in the adrenal gland (Fig. 4). The number of secretory granules
was generally higher in cells that are located near the adrenal
gland duct (Fig. 4A, ‘‘a’’ type cells) than in cells that are more
distant from the duct (Fig. 4A, ‘‘b’’ type). Moreover, in cells
that are located near the duct there was a clear tendency for
secretory granules to localize preferentially near the plasma
membrane, heavily clustering in the side of the cytoplasm that
faces the duct. As evident in Fig. 4A and in the 3D image of an
‘‘a’’ type cell shown in Fig. 3, in cells of this type the nucleus
appears to be displaced toward the opposite side of the gran-
ules in the cytoplasm. However, in cells that are distant from
the duct (Fig. 4A, ‘‘b’’ type cells) the nucleus is more or less
in the center of the cytoplasm, while secretory granules ap-
peared to be scattered randomly around the nucleus.
To determine the number of secretory granules in chromaﬃn
cells, we counted all secretory granules present in each electron
micrograph and using a conversion factor of 2.27 (see below)
extrapolated the numbers to the whole cell. Since each electron
micrograph that had been used to count secretory granules
represents one section per every 500 nm of cytoplasm and
the average diameter of each granule is 300 nm, it was esti-
mated that a half of secretory granules that are present in a
chromaﬃn cell would be absent in the electron micrographs
used in the counting, thereby resulting in the presence of only
50% of the total granules in the electron micrographs. More-
over, even in the electron micrographs where the sectioned
secretory granules are present, the image of secretory granule
would not be clear enough to be counted as secretory granules
unless the granules are sectioned suﬃciently inside the granule
boundaries. We estimated that the image of secretory granules
would not be clearly discernible unless the section is at least
30 nm inside the boundary of granules, leading to detection
of secretory granules in 88% of the case, i.e. detection of
granules in the 440 nm span of 500 nm cytoplasm. Combining
this number and the above detection limit (50%), we estimate
that the number of secretory granules counted in the electron
micrographs represents only 1 out of 2.27 granules present in
a cell, thus giving a conversion factor of 2.27. Therefore, we
multiplied the number of secretory granules counted in 27–
30 electron micrographs/cell with 2.27 to come up with the
total number of secretory granules in a chromaﬃn cell. The
number of secretory granules present in each cell varied widely
from one cell to another, ranging from 7300 to 41400 per cell,
with an average of 23500 ± 10100 (mean ± S.D., n = 23). In
cells that are near the blood vessel in the adrenal gland
(Fig. 4A, ‘‘a’’ type cells), there were >30000 secretory granules
per cell, compared to signiﬁcantly less granules per cell in those
that are located some distance away from the blood vessel
(Fig. 4A, ‘‘b’’ type cells). The larger number of secretory gran-
ules in cells that line the duct is in line with the physiological
function of those cells to secrete the granule contents.3.4. Volume of the cell
From the 3D images, the total volume of chromaﬃn cells
was calculated to be 1998 ± 496 lm3 (mean ± S.D., n = 23).
Fig. 1. One of the serially sectioned electron micrographs, which were treated with CGA-labeling gold particles, showing a central region of a bovine
chromaﬃn cell. Bovine adrenal medullary chromaﬃn cells were serially sectioned and each section was treated with CGA-labeling gold particles.
(A) The electron micrograph of one of the central sections of a cell is shown. Bar = 2 lm. The white square box in the middle delineates the boundary
of the section shown in (B). (B) The white square box in the middle of the electron micrograph shown in (A) is shown here in higher magniﬁcation.
The nucleus (Nu), endoplasmic reticulum (er), mitochondria (M), and secretory granules (SG) are shown, along with the CGA-labeling gold particles
(some of them are indicated by arrows). Bar = 0.5 lm. (C) The line drawing of the electron micrograph shown in (A). Secretory granules are shown
in red spheres while mitochondria and the ER are shown in blue capsules and green ribbons, respectively. The yellow dots shown in secretory
granules and the ER represent the CGA-labeling gold particles that are invisible in the electron micrograph shown in (A), but are clearly visible in
higher magniﬁcation pictures as shown in (B).
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volume also varied, ranging from 1100 to 3180 lm3
(Fig. 4B). To determine the volumes occupied by each orga-
nelle in the cell, the areas occupied by each organelle were
measured in relation to the areas occupied by the whole cell
from all 27–30 serial EM images, and this was repeated for
all of the 23 cells. The sum of the areas of each organelle
was then divided by that of total cell to estimate the percent-
age of volume occupied by each organelle. The nucleus was
estimated to occupy 16.7 ± 3.8% (mean ± S.D., n = 23) of
the cell volume while secretory granules 20.5 ± 5.2% (mean ±
S.D., n = 23). The ER occupied 14.2 ± 3.5% (mean ± S.D.,
n = 23) of the cell volume, whereas the mitochondria
2.9 ± 1.2% (mean ± S.D., n = 23). Since the areas of each
organelle were measured from all 23 cells, with 27–30 serialEM images per cell, the percentages obtained for each orga-
nelle will accurately reﬂect the actual volume occupied by
these organelles in the cell.3.5. Distribution and concentration of CGA
To determine the relative concentrations of CGA in each
organelle, the CGA-labeling immunogold EM study was car-
ried out using all the serial sections of 5 chromaﬃn cells, a to-
tal of 140 electron micrographs (Fig. 1B and Table 1). The
presence of CGA in secretory granules and endoplasmic retic-
ulum is evident (Fig. 1B). However, as shown previously, CGA
is absent from the mitochondria [20]. The gold particles found
in each organelle of 5 chromaﬃn cells (140 electron micro-
graphs) were counted and the area of each organelle from all
Fig. 2. One of the serially sectioned electron micrographs, which were treated with CGB-labeling gold particles, showing a central region of a bovine
chromaﬃn cell. Bovine adrenal medullary chromaﬃn cells were serially sectioned and each section was treated with CGB-labeling gold particles.
(A) The electron micrograph of one of the central sections of a cell is shown. Bar = 2 lm. The white square box in the middle delineates the boundary
of the section shown in (B). (B) The white square box in the middle of the electron micrograph shown in (A) is shown here in higher magniﬁcation.
Bar = 0.5 lm. (C) The line drawing of the electron micrograph shown in (A). Secretory granules are shown in red spheres while mitochondria and the
ER are shown in blue capsules and green ribbons, respectively. The yellow dots shown in secretory granules, the ER, and the nucleus represent the
CGB-labeling gold particles that are invisible in the electron micrograph shown in (A), but are clearly visible in higher magniﬁcation pictures as
shown in (B).
Fig. 3. 3D images of a chromaﬃn cell. 3D image of a chromaﬃn cell including the nucleus, secretory granules, the ER and mitochondria is shown
(A), along with the images showing secretory granules (B) and the nucleus (C). The nucleus, ER, and mitochondria were drawn where found, the ER
in ribbons and mitochondria in capsules, according to their sizes and locations shown in the EM pictures (cf. Figs. 1 and 2A).
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CGA-labeling gold particles and the total area of each orga-
nelle (Table 1).As shown in Table 1, the number of CGA-labeling gold par-
ticles found per lm2 of the ER was 1.8, while that of secretory
granules was 18.5. The number of gold particles found per lm2
Fig. 4. Electron micrograph of bovine adrenal medulla and distribution proﬁle of the total cell volumes of chromaﬃn cells. (A) An electron
micrograph of bovine adrenal medulla, showing diﬀerent types of chromaﬃn cells, is shown. Cells that line the blood vessel (BV) are large and
elongated with many secretory granules (‘‘a’’ type cells) while cells that are distant from the blood vessel are small and contain relatively smaller
number of secretory granules (b’’ type cells). Another ‘‘b’’ type cell is shown in the inset. Bar = 2 lm. (B) Distribution proﬁle of the total cell volumes
of 23 bovine adrenal medullary chromaﬃn cells is shown. The average volume of 1998 ± 496 (mean ± S.D., n = 23) lm3 is written in the top right
corner.
Table 1
Distribution of CGA in bovine adrenal medullary chromaﬃn cells
CGA









Endoplasmic reticulum 14.2 2753/1545 1.8 0.14 mM 1.99 5.1
Secretory granule 20.5 34650/1870 18.5 1.80 mM 36.90 94.9
Nucleus 16.7 1411/3032 0.5 0 0 0
aFive cells, 140 electron micrographs, from three diﬀerent tissue preparations were used.
Y.H. Huh et al. / FEBS Letters 579 (2005) 5145–5151 5149of the nucleus was 0.5, which was similar to 0.4 of mitochon-
dria (non-speciﬁc background), indicating the absence of CGA
in the nucleus. This result demonstrates that CGA localizes
exclusively to secretory granules and the endoplasmic reticu-
lum, but not in the nucleus and mitochondria, consistent with
our previous results [20]. In view of the fact that the bovine
chromaﬃn granules contain 2 mM chromogranins and
90% of this is CGA [22,23], the CGA concentration in secre-
tory granules is estimated to be 1.8 mM and that of the ER
0.14 mM. Hence, considering the cell volumes occupied by
secretory granules and the ER, and the relative CGA concen-
trations in these organelles, it is estimated that 95% of cyto-
plasmic CGA exists in secretory granules and 5% in the ER
(Table 1).Table 2
Distribution of CGB in bovine adrenal medullary chromaﬃn cells
CGB
% of cell volume Number of gold particlesa/
Area viewed (lm2)
Endoplasmic reticulum 14.2 9646/1759
Secretory granule 20.5 22081/2639
Nucleus 16.7 10637/2638
aFive cells, 150 electron micrographs, from three diﬀerent tissue preparation3.6. Distribution and concentration of CGB
Likewise, the CGB-labeling immunogold EM study was also
carried out using all the serial sections of 5 chromaﬃn cells, a
total of 150 electron micrographs (Fig. 2B and Table 2). Sim-
ilar to CGA, CGB was present in secretory granules and the
ER, but not in mitochondria. In addition, CGB also localized
in the nucleus (Fig. 2B), as has been reported before [20]. As
shown in Table 2, the number of CGB-labeling gold particles
found per lm2 of the ER was 5.5, while those of secretory
granules and the nucleus were 8.4 and 4.0, respectively. The
number of gold particles found per lm2 of mitochondria was
0.8, which indicates the level of non-speciﬁc background.
These results indicate that the CGB concentration in the ER







5.5 120 lM 1704 23.9
8.4 200 lM 4100 57.4
4.0 80 lM 1336 18.7
s were used.
5150 Y.H. Huh et al. / FEBS Letters 579 (2005) 5145–5151the bovine chromaﬃn granules contain 2 mM chromogran-
ins and 10% of this is CGB [22,23], the CGB concentration
in secretory granules is estimated to be 200 lM. Considering
that the CGB concentration in the ER is 60% that of secre-
tory granules, the CGB concentration in the ER is estimated
to be 120 lM. Likewise, the CGB concentration in the nu-
cleus is estimated to be 80 lM.
Taking the cell volumes occupied by each organelle, it is esti-
mated that secretory granules contain 57% of total cellular
CGB, while the ER and nucleus contain 24% and 19%,
respectively (Table 2). In light of the fact that CGB is one of
the major intragranular matrix proteins, traditionally referred
to as a marker protein of secretory granules [24], it is remark-
able that the nucleus contains a substantial amount of cellular
CGB. In stark contrast to CGA, which does not exist in the
nucleus, the presence of a substantial amount of CGB in the
nucleus implies important roles of nuclear CGB in addition
to its reported role in transcriptional regulation [20]. Com-
bined with the high capacity Ca2+-binding property of CGB
and the presence of all three isoforms of IP3Rs in the nucleo-
plasm [25], the presence of large amounts of CGB in the nu-
cleus suggests key roles for nuclear CGB in controlling the
intranuclear Ca2+ concentration.4. Discussion
Present results show that CGA concentrations in secretory
granules and the ER are 1.8 mM and 0.14 mM, respectively
(Table 1), whereas CGB concentrations in secretory granules
and the ER are 200 lM and 120 lM, respectively (Table
2). In addition, CGB was estimated to be present in the nucleus
at 80 lM CGB (Table 2). This means that 95% cellular
CGA exists in secretory granules and 5% exists in the ER,
whereas 57% cellular CGB exists in secretory granules while
24% and 19% are present in the ER and nucleus, respec-
tively. In view of the high capacity Ca2+ storage property and
the IP3R/Ca
2+ channel activating roles of chromogranins A
and B [14,16], selective localization of chromogranins in subcel-
lular organelles suggests the importance of these organelles in
the control of cytoplasmic Ca2+ concentration. In this regard,
the amount and concentration of chromogranins in these
organelles are likely to indicate the relative contribution of each
organelle in the control of cytoplasmic Ca2+ concentration.
Moreover, presence of CGB in the nucleus and ER points to
the potential importance of CGB in controlling IP3-dependent
intracellular Ca2+ release in these organelles. Using neuronally
diﬀerentiated PC12 cells it has recently been shown that cou-
pling of CGB or CGA/CGB mixture to the IP3R/Ca
2+ channel
in the ER is a necessary component for IP3-dependent Ca
2+ re-
lease mechanism in the ER [18]. This result suggested that the
IP3R-chromogranin complex in the ER functions as major
components of a basic functional IP3R/Ca
2+ channel unit.
Even in the case of the nucleus, it appears highly likely that
the IP3R-CGB complex also functions as a basic functional
Ca2+ channel unit, given the presence of the IP3Rs in the nu-
cleus [25] and the near physiological pH of the nucleus.
Recently, we have determined the distribution and relative
concentrations of the IP3Rs in subcellular organelles in chro-
maﬃn cells [21]. The ER of bovine chromaﬃn cells was shown
to contain 15–20% of each of the three IP3R isoforms while
secretory granules contained 58–69%. Reﬂecting the largeamounts of IP3Rs in secretory granules, the relative concentra-
tions of the IP3Rs in secretory granules were at least 2-3-fold
higher than those of the ER and nucleus [21]. Moreover, the
nucleus was estimated to contain 15% each of IP3R-1 and
-2, but 25% of IP3R-3. The IP3R concentrations of nucleus
were not much diﬀerent from those of the ER; those of
IP3R-1 and -2 were slightly lower than those of the ER but that
of IP3R-3 was slightly higher [21]. In view of the dearth of
knowledge regarding the IP3-dependent Ca
2+ control mecha-
nisms in the nucleus, the abundance of the IP3Rs in the nucleus
came as a surprise and suggested the importance of the IP3-
dependent Ca2+ control mechanisms in the nucleus.
Furthermore, we found in a recent study the presence of a
vesicular nucleoplasmic structure that is composed of the IP3Rs,
chromograninB, andphospholipids [19]. This vesicular complex
contained all three isoforms of the IP3R, in addition to chro-
mogranin B and phosphatidylinositol 4,5-bisphosphate, in a
structure with an estimated mass of 2–3 · 107 daltons [19]. In
our preliminary studies, these structures appeared to release
Ca2+ in response speciﬁcally to IP3, but not to inositol 1,4-bis-
phosphate and inositol 1,3,4,5-tetrakisphosphate, suggesting
that these structures are IP3-sensitive vesicular nucleoplasmic
Ca2+ stores. Given the presence of large amounts of both IP3Rs
and CGB in the nucleus, this putative IP3-sensitive vesicular
nucleoplasmic Ca2+ store might be able to play a major role in
controlling the IP3-dependent intranuclear Ca
2+ concentration.
The predominant presence of both the IP3R/Ca
2+ channels
and the Ca2+ storage proteins chromogranins A and B in secre-
tory granules is thought to underscore the importance of secre-
tory granules in the IP3-dependent Ca
2+ control mechanisms in
the cell. In this regard, the function of secretory granules in
secretory cells (neurons, exo/endocrine, and neuroendocrine
cells) appears to be far beyond a mere storage of the secretory
contents. Secretory granules contain not only the secretory con-
tents, such as hormones and neurotransmitters, but also a
majority of the cellular Ca2+, along with the IP3R/Ca
2+ chan-
nels and chromogranins. This means that secretory granules
contain basically all the essential components that are necessary
in initiating and executing the exocytotic processes. Thus, com-
bined with the presence of 40 mM Ca2+ and the highest chro-
mogranin concentrations in secretory granules (Tables 1 and
2), the present results highlight the prominence of secretory
granules and chromogranins in the calcium world of secretory
cells through the participation of the IP3R/Ca
2+ channels.
Since the secretory process is initiated by a sudden increase
in intracellular Ca2+ concentrations in response to IP3-trig-
gered Ca2+ release [26,27], and secretory granules serve as a
major IP3-sensitive intracellular Ca
2+ store [28], the large num-
ber of secretory granules in the release-ready cells will serve
perfectly well the dual needs of the cells both to experience a
sudden increase of intracellular Ca2+ concentrations and to se-
crete the granule contents.
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